The first step in modli lead kinetics during pregnancy includes a description of sequential matenal blood lead (PbB) Cross-sectional studies of groups of women at different stages of pregnancy present conflicting results (1-3) , and the design is inadequate to study serial changes of lead during pregnancy. Case studies with serial measurements of PbB in pregnant women are interesting (4-6), but these are usually of women suffering frank lead intoxication.
The first step in modli lead kinetics during pregnancy includes a description of sequential matenal blood lead (PbB) during pregnnc and the fatrs contoing it (1994) The period of fetal growth is often the stage of development at which the organism is most sensitive to toxic agents. However, we cannot directly measure fetal exposure during pregnancy in human research studies. Maternal measurements are the only exposure indices ethically available. To infer fetal lead exposure from maternal measurements of blood lead (PbB), we need a detailed understanding of both the factors influencing and the kinetics of maternal-fetal lead transfer. Given the strong interest in the effects of low-level lead on child development, we know surprisingly little of even the time course of maternal PbB levels during pregnancy.
Cross-sectional studies of groups of women at different stages of pregnancy present conflicting results (1) (2) (3) , and the design is inadequate to study serial changes of lead during pregnancy. Case studies with serial measurements of PbB in pregnant women are interesting (4-6), but these are usually of women suffering frank lead intoxication.
The only detailed work prospectively studying PbB in pregnant women is that of Barltrop (7) excluded by these criteria were informed of the purpose of the study and the procedures involved. They read, or were read, a statement of informed consent approved by the institutional review board, and signed it.
A total of 532 women passed the exclusion criteria and were enrolled in the study. Of this total, 30 never arrived at the project office for their first or following appointments. One case developed hypoglycemia and 27 developed conditions described by the above exclusion criteria during their pregnancy; 22 spontaneously aborted, and 16 were stillbirths. We will report these data elsewhere. The exclusion of these subjects left 436 participants.
Some of the remaining women gave birth to babies meeting the following a priori exclusion criteria, and these 22 pregnancies were also removed from the present data set: A repeated-measures fixed-effects model ANOVA was used to assess significant changes in maternal lead during pregnancy on the group with complete data, with post-hoc comparisons performed using least significant differences. We used linear and multiple linear regression models to calculate trends in maternal lead during the pregnancy.
To assess the variables that were significantly associated with lead at each time period during pregnancy, we performed a series of univariate and bivariate statistical tests of control and confounding variables against natural log-transformed lead using the entire available data set. Variables significantly associated with maternal lead (p<0.10) at each period in pregnancy were retained for possible entry in a forward, stepwise multiple regression with backward elimination (entry and elimination criteria were p<O.O0 and p>O.0, respectively). This technique assured that multicollinearity was minimized and that the statistical effect of each variable retained in the model against lead was independent of the other variables. Final multiple regression models maximized variance of lead accounted for at each period in the pregnancy. Statgraphics Plus (Manugistics, Rockville, Maryland) and SPSS (Chicago) were used for data analysis.
Results Figure 1 shows geometric mean PbB at each measurement period in the pregnancy for the group with complete lead data and the group with one or more missing data points. Although there was a tendency for the incomplete group to have higher lead levels than the complete group, t-tests for Weeks of pregnancy at delivery Figure 1 . Plot of time course of maternal blood lead (geometric mean and SEM) during pregnancy for subjects with complete and incomplete data. Incomplete data are offset on the X-axis for clarity. Upward trend of complete subjects from 20 weeks to term is significant. Ranges of horizontal lines above the data indicate significant comparisons using least significant differences post-hoc test, with indicated probabilities. Conversion factor for blood lead is 10.0 pg/dl = 0.48 pmoVI.
Volume 102, Number 10, October 1994 E Fig. 1 ) showed a significant drop in PbB from week 12 to week 20 and various significant increases in PbB from week 20 through delivery. Using data from week 20 Multiple regression models of maternal lead at each 8-week period of pregnancy and at delivery were constructed using data from all subjects (Table 2) . Dietary factors such as use of canned foods, soft drinks, coffee, and alcohol were associated with increased maternal lead during various periods of pregnancy, while use of leadglazed ceramic ware was associated with increased maternal lead throughout all the pregnancy. Increased milk consumption was associated with decreased maternal lead late in the third trimester. Birthplace was a significant predictor of maternal lead at various times during pregnancy; mothers born in the Valley of Mexico had higher lead than those born outside the valley. Reproductive history, especially history of abortions or gravidity, which were associated with decreased maternal lead, were prominent in the last trimester. Later date of blood sampling during the study period was significantly associated with increased PbB in the last half of pregnancy. Table 3 shows the trend from 20 weeks of pregnancy through delivery for the group with complete data corrected for significant predictors of maternal PbB at two or more time points in pregnancy discovered through the multiple regression modeling. Despite correcting blood lead values by these important determinants of blood lead during pregnancy in the multiple regression analysis, weeks of pregnancy in the last half of pregnancy was still significantly associated with increased maternal PbB. Figure 2 shows maternal hematocrit from weeks 12 
Discussion
Dietary sources of lead, especially prominent in the study population, were associated with increased PbB during pregnancy. Mexico has a nearly 500-year history of using lead-glazed pottery for cooking, serving, and storing food and drink. Although lead in domestic articles was recognized in Mexico as a source of lead poisoning in children nearly two centuries ago (8) , and despite repeated notice to public health authorities regarding lead in ceramic ware (9) (10) (11) , little has been done to remedy the problem until recently. As a result, the more than 40% of our sample reporting use of lead-glazed pottery showed elevated PbB during the last 28 weeks of pregnancy.
Canned foods using lead-soldered seams were common in the Mexican marEnvironmental Health Perspectives Canned foods, associated with increased maternal PbB, were also related to higher lead in children born to mothers participating in this study in a preliminary report (12) . As existing stocks of lead-soldered cans are reduced, we expect the contribution of this source to the national lead load to disappear. All mothers entering the study were given basic information on the major sources of lead and on the effects of lead on the fetus and young child and were urged to discontinue habits leading to increased lead intake. As we only assessed food preparation habits and food use at the beginning of the study period, we were unable to determine the extent that these patterns changed during the pregnancy and thus may have contributed to the alterations of PbB measured. However, to the extent that the educational efforts were successful in reducing lead intake during pregnancy, the reported increases in lead in the last 20 weeks of pregnancy would be underestimated. Investigators using a cross-sectional design have reported a drop in maternal PbB during periods roughly corresponding to our 12-to 20-week interval (3) . The decrease observed during this period has usually been attributed to increased fluid volume, measured by hematocrit, during the first half of pregnancy. The increase in plasma volume during pregnancy is well documented and amounts to an average of 1200 ml in the first 34 weeks of pregnancy (13) . The expansion of blood volume is greatest in the second trimester, but the increased erythrocyte production during pregnancy does not keep pace with increased fluid volume, resulting in decreased hematocrit.
We observed the expected decrease in hematocrit in the first half of pregnancy as well. However, hematocrit decreased every 8 weeks from week 12 to week 28 and then remained unchanged at 36 weeks in our study. The time course of the hematocrit change across pregnancy did not correspond to the time course of PbB change. Furthermore, hematocrit-corrected PbB values followed the same time course throughout the pregnancy as non-hematocrit-corrected PbB, and hematocrit was not statistically associated with lead in the multivariate models. Although hematocrit changes in the first 20 weeks of pregnancy could explain some of the observed PbB decrease between 12 and 20 weeks, decreased hematocrit cannot account for the observed PbB increase thereafter.
Growth in other organs can also serve as a sink for circulating maternal PbB in the first 20 weeks of pregnancy. The fetus has attained 10% of its term weight, the placenta over 25%, the uterus 30%, the mammaries over 40%, with total weight gain in the mother around one-third that experienced at the end of pregnancy (14) . Almost all of the increase in cardiac output and in glomerular filtration rate is achieved by 20 weeks of pregnancy (15, 16) , and though never reported, excretion of lead during the first half of pregnancy might be enhanced. Assuming unchanging lead intake, the combination of hemodilution, increased weight of organs and enhanced metabolic activity could account for much of the observed decrease in whole PbB between 12 and 20 weeks of pregnancy.
Although the time course of these factors is correlated with the decrease in PbB in the first 20 weeks of pregnancy, the majority of the change in fetal and maternal organ size occurs after 20 weeks (see Figure 2 for weight gain in our subjects). Other factors must intervene to produce the measured increase in blood lead in the last half of pregnancy despite increasing hemodilution and organ weights.
Various physiological changes during pregnancy may account for increased PbB in the last half of pregnancy. Accelerated absorption of dietary lead and decreased elimination of lead from the body, perhaps following the calcium conservation strategies of late pregnancy (17) , and release of bone lead may all operate to yield the observed pattern of lead during pregnancy.
Although lead in blood and other soft tissues has a mean-life after single dose of 35 days (18), the half-times of lead in bone are 5-20 years (19) , allowing it to accumulate over the life of an individual. Lead accumulates in bone by replacing calcium in the apatite. Its flow from blood to bone is mediated by osteoblast activity, whereas the principal return from bone to blood is related to osteoclast activity (20) . Saltzman (21) estimated that at age 20, about 78% of the total lead in the body of humans resides in bone, rising to 96% at age 80. Although normally lead in bone is nearly immobile, some processes that increase bone turnover, notably pregnancy, may increase mobilization of lead from bone (22) (23) (24) (25) (26) .
Most of the accumulation of fetal calcium occurs in the last trimester, coinciding with the mineralization of the fetal skeleton. Parathyroid hormone responds to changes in plasma calcium, decreasing during the first trimester of pregnancy and increasing thereafter (17, 27) . Increased parathyroid hormone is associated with increased bone resorption, increased intestinal absorption of calcium, and kidney reabsorption of calcium, likely in response to fetal need, and it stimulates renal biosynthesis of 1,25(OH)2D, which mobilizes calcium from the bone (28) . Processes that mobilize calcium from bone during pregnancy could also mobilize lead from bone.
Several of our findings suggest that the increasing PbB found in the last half of pregnancy derives in part from maternal bone lead in addition to increased gut absorption. First, the timing of the increase in the last half of pregnancy coincides with increased fetal need for and increased maternal provision of calcium (29) . If some of the additional fetal calcium requirement is supplied from maternal bone, mothers with high bone loads of lead may transfer more lead to the bloodstream with the calcium.
Second, mothers in our study who had low milk intake, our measure of dietary calcium, had higher PbB levels late in pregnancy. Calcium-deficient diets are associated with increased intestinal absorption of dietary lead (28) . But lead may also be provided from the bone during times of high calcium stress in pregnant women with calcium-deficient diets (24) .
Third, mothers born and living most of their lives in Mexico City had higher late pregnancy PbB than mothers born outside of the city. Mexico City has had historically high air lead levels, due primarily to the use of heavily leaded gasoline (30 . . -
pregnancy. If the fetus transports substantial maternal lead from the mother's body, lowering body (bone) stores of lead in subsequent pregnancies, multigravid women should have lower PbB. Indeed, lower cord PbB has been reported before in multigravid women (31) . Fifth, maternal coffee consumption was associated with increased PbB. This relationship has been reported before in a study investigating cord PbB, though it was not discussed (31) . Although drinking coffee prepared and served in lead-glazed ceramic ware is common in Mexico, the association between coffee drinking and increased lead is independent of the effect of use of lead-glazed ceramic ware on PbB, as noted in the multiple regression analyses (Table 3) . Caffeine intake is associated with increased calcium excretion in women (32, 33) , likely due to its effect on renal reabsorption (34) . There are no data reported in the literature regarding the effect of caffeine on lead excretion. As in women with reduced milk intake, the increase in PbB with coffee use might arise from compensatory increased gut absorption of lead. However, the still-disputed link between caffeine intake and bone loss in post-menopausal women (35) also suggests the possibility that some of the increased PbB related to coffee drinking seen in this study may derive from bone lead release in women whose calcium balance is further compromised by caffeine during pregnancy.
Since no measurements of bone, environmental, or dietary lead were made, the sources for maternal lead changes during pregnancy suggested by the models can only be considered tentative. Although the increased PbB in the last half of pregnancy is small, on the average about 1.6 pg/dl (0.07 mol/l; approximately 20%) from 20 weeks to parturition, this increase is found in the face of hemodynamic, metabolic, and organ size changes, all of which act to reduce maternal PbB concentration. Thus the measured increase indicates that, whatever the source, the amount of lead put into circulation in the last half of pregnancy may be substantial and physiologically significant.
The preceding results suggest that women with higher lifetime exposures, and thus more bone lead, and calcium-deficient women may have higher circulating lead levels during the second half of pregnancy with consequent increased exposure to the fetus. The results imply that to gain maximum public health savings through leadreduction programs, our goal should be to reduce lead-exposure of women at the earliest age possible and maintain the reduction through their reproductive years. We might expect a time lag of a generation or more before the benefits of reduced environmental lead are fully passed on to the fetus.
Many kinetic models of lead in organisms have been developed, though none yet treats lead during pregnancy in humans. Any valid kinetic model of the maternal-fetal PbB system must not only account for the decrease in maternal PbB in the first 20 weeks of pregnancy, it must also account for the measured increase in the second 20 weeks.
